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INTRODUCTION 


In the early 1850's the first descriptions of progres- 


sive muscular dystrophy were independently published by 


Aran and Meyron (Tyler & Wintrobe, 1950). In 1868 Duchenne 


published a paper on pseudohypertrophic or myosclerotic 


paralysis describing the increase in connective tissue and 


fat cells with preservation of cross striations in the 


affected muscles, In 1872 he described the progressive 


muscular atrophy of childhood, and in 1884 Erb published an 


account of the juvenile form followed the next year by 


Landouzy and 
humeral type 
concept of a 
guished from 
pathological 
and clinical 


described in 


Déejerine's description of the facio-scavulo-* 

of muscular dystrophy, Not until 1891 was the 
primary dystrophic disease of muscle distin- 
muscular atrophy by Erb, Since this time the 
and biochemical changes, patterns of inheritance, 
syndromes of muscular dystrophy have all been 


detail (Adams et al, 1954). However, until 


recently there has been little investigation of the deranged 


physiology of the dystrophic muscle, This was in part due 


to the lack of an experimental animal in which the disease 


could be produced. Although vitamin E deficiency in the 


hamster and potassium deficiency in the rabbit cause myo- 


pathies, these are in many ways quite dissimilar to muscular 


‘dystrophy in 


man (West & Mason, 1955). 


In 1951 Dr, Elizabeth S. Russell noted an inherited 


~-28180 TC 


agnerosd S338f mt 


Yo ano ttehioaob: Faxlt oid 0° OR BI yLtee afd? oT 
bona t feud yicne baeqebnot onew yriqors an yollia o ovte 
(Ozer .adondbew 2 toler) aomcem bin nottoh, 

aftorsfoseweE iO o2etgorsxeqytou5ed fo IS 
bus eusett evidoenno mt sonotonl aad = 


adé of anottebots eeot9 0 noliaviessig Adtw 


yd 


evytaastgoiq edt sedi nash ad Sosf at. 


ac. badeatiduq dad 4eOL mt innoine tek 


yd isey txon add beK% offot tot eiinevnl, i 


BR ootucexanaotont ef to noltgticasb stontae(ed br " : 


ait aew [eel ficas tort uigortey® qm Ltoessts to ocxt f 
»fosug To ease 2f£h ofdqotdayd ersmtig, 8 ‘to t 


etist sont= ds yd xigords asiivoauie som? 


4293 sysado Ls yimonootd | bee oe 


speagicedat to anetsag 


ssf [fs owe rj ¥ aa lare) *F tayo 
ftinw ,tovewo (feet fs da amabA) Ltstob mt bediroaeb 


tsevat afdtttl oaod eet otett yitnelet 


~ * 


sagnarah ety to go tJegs 
ata? ,efocum ofdqotseyh mae 


» oft dotdw at Isntos fasoemiiseaxs 5 to qoaxt ent 


stmetiv daveddla be: aakhorte ode 


une! 


2+ gf yorstetteb a 
oft at youd Mstteh muteastod bas vetan as 


~O¥%T BANS + tf 8% 
aysw yoan of ems eacdt « goldd sq 


yefuoeum of saftmiaetb odfup 


.(2aeL .noaeM & dooW) mem al yAqottayS 


Sotiveral wa bavor [fseenf 2 dtedasiiIa 10 Leer ox 


primary myopathy that had occurred spontaneously in the 
Strain #129 mice at the Jackson Memorial Laboratory. The 
gene responsible for this disease was found to be an autosomal 
recessive with incomplete penetrance, The disease itself is 
characterized by progressive ataxia, atrophy of the hind 

limb musculature, dragging of the hind limbs, kyphosis, 

head nodding, failure to gain weight normally, and a shortened 
life span (see Pigure 72), No central or peripheral neural 
pathology has been discovered in these mice, and the muscle 
changes are basically similar to those seen in human muscular 
dystrophy. Proliferation of sarcolemmal nuclei, increased 
interstitial tissue, variation in the size of muscle fibers, 
and mixed distribution of normal and diseased fibers are 

quite prominent on histological sections, Long chains of 
nuclei are commonly observed, and on cross section many 

muscle fibers contain centrally placed nuclei (Michelson 

et al, 1955). Very large fibers with vacuolization are seen 
as well as very small fibers surrounded by sarcolemmal nuclei, 
Few inflammatory cells are found, but there are rows of fat 
célls and increased amounts of fibrous tissue between muscle 
fibers (see Figures #21 to #28). These mice are also known 
to have increased excretion of creatine and diminished 

urinary creatinine (Banker & Denny-Brown, 1959). Although 

it has not been proven that this hereditary disease in the 
mouse is the same as progressive muscular dystrophy in man, 


the similarity is striking. In any case the dystrophic mouse 
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has provided an experimental animal in which the physiological 
changes that occur in this primary myopathy can be studied, 
Whether these changes also occur in man must be determined 

by further investigation, 

It was the original purpose of this paper to find out 
if a difference in the skeletal muscle resting potential 
exists between the normal and dystrophic mouse, In pre- 
liminary experiments on frog muscle experience was gained in 
the use of conventionél microelectrode techniques, However, 
in pilot studies of mammalian muscle it was found that many 
factors tended to bias the selection of resting potentials 
when the usual method of single penetrations of fibers was 
used. It was also quite apparent that to discern any real 
difference in resting potentials in normal and dystrophic 
mice, biased selection of data would have to be minimized. 
The edenncane of driving a microelectrode through an excised 
muscle and recording changes in voltage continuously had 
recently been described by Creese et al (1957). It was 
decided to use this technique in order to reduce the dif- 
ficulty of choosing which voltage changes were “true” resting 
potentials, Although some bias is introduced in laying down 
criteria for the selection of resting potentials, once these 
criteria are made little bias occurs in the analysis of the 
records; and these are examined in the same way for both the 
dystrophic and normal muscles, With this method and using 


muscles in the living anesthetized mouse, it was also possible 
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to estimate not only the resting potential but also the 

average fiber size, the fiber space, and the extra-fiber 

space in vivo. This was done in both normal and dystrophic 
mice, Furthermore, histological cross sections from these 
muscles were studied in a way that duplicated that which 

the microelectrode had “seen” in vivo. By these techniques 

the resting potential values were compared in living normal 

and dystrophic mice; and the fiber size as well as geographical 


distribution of fibers was studied in vivo and histologically. 
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METHODS AND MATERTALS 


Animals 

The experiments described in this paper utilized an 
in vivo preparation of the gastrocnemius muscle of the 
Jackson Memorial Laboretory Strain #129 Swiss mouse. Roth 
mice afflicted with hereditary muscular dystrophy and their 
normal littermates were used for in vivo studies, Intra- 
peritonesl 1% sodium amobarbital in an initial dose of 
0,01 ce, per gram of body weight plus 0.05 cc, was used for 
anesthesia, Increments of 0.1 to 0.2 cc. of 0,5% sodium 
amobarbital were used as necessary to maintain the desired 
depth of anesthesia, These increments were administered 
through an indwelling polyethylene catheter inserted into 
the peritoneal cavity through an 18 gauge needle and sutured 
in place, Prior to a microelectrode penetration, a small 
dose of anesthetic was given to depress respirations and 
movements which would interfere with electrical recording. 
It was noted that the dystrophic mice were especially sensitive 
to anesthetic agents, but oxygen given when respiratory de- 
pression was severe tendec to stabilize the mice and markedly 
reduced the anesthetic mortality. Ether given in combina- 


tion with sodium amobarbital was observed to potentiate the 


ee 


* Purchased from the Jackson Memoriel Laboratory, Bar Harbor, 
Maine, 
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barbiturate effect and greatly endangered the animal's 
survival, Sodium pentobarbital and sodium thiopental were 
also tried, but these were not nearly as safe and no more 
effective than sodium amobarbital. By giving small doses 
of anesthetic and oxygen when necessary, the mortality from 
anesthesia was quite low, 

When the mouse was satisfactorily anesthetized, the 
left side of the abdomen and the leg to be studied were 
shaved, The polyethylene catheter was placed in the peritoneal 
cavity, and the leg dissection carried out. A longitudinal 
incision from the heel to the mid thigh was made on the 
dorsal aspect of the shaved leg, The skin was separated from 
the fascia by blunt dissection, and the fascia was incised 
longitudinally to expose the gastrocnemius muscle, Sutures 
placed in the fascia edges were used to maintain the exposure, 
The mouse was transferred to the lucite mounting chamber 
(see Figure #3) and the dissected leg secured in the trough. 
During the dissection and mounting procedures special care 
was taken to avoid excessive bleeding and injury to the 
gastrocnemius muscle which was kept moistened with mammalian 
Ringer's solution at all times. By these techniques oxygen 
and nutrient materials were supplied to the muscle through 
the normal circulation, and as near physiological conditions 
as possible were maintained while the microelectrode studies 


were being carried out. 
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Solutions 

The mammalian Ringer's solution had the following 
composition: NaCl 121mM., NaHCO, 25.0mM., KH,PO), 0.54mM., 
KCL 4.75mM., CaCl,*2H,0 1.66mM., MgCl, °6H,0 0.23mMe, 
Glucose 1l1,lmM, The glucose and NaHC0., were added to the 


solution immediately before it was to be used, 


Nicroelectroges and Holders 

Micropipettes were made from five centimeter lengths 
ef vaccine tubing 0.9 to 1.4mm,0.D. They were formed on a 
commercial model of the micropipette puller designed by 
Nastuk. and Alexander (1953), By applying first a weak pull 
of 100 grams followed by ; strong pull of 1700 grams as the 
glass tubing was heated within a platinum loop, micropipettes 
with tip diameters of less then 0.5u, were produced, These 
micropipettes were placed on a moist glass microscope slide 
and bound in place with white cotton thread, The glass slide 
was then immersed in 4 vertical position (micropipette tips 
down) into 95% ethanol, A vacuum created by a Venturi water 
pump caused the alcohol to boil without the application of 
heat (see Figure #6), After boiling gently for about 15 
minutes in 95% ethanol, the slide was placed in distilled 
water for 1-2 minutes and then stored in a Copeland staining 
jar filled with 3M.KCl for at least 3-4 days after which the 
micropipettes were ready for use, Storage in a sealed Copeland 


Staining jar filled with 3M.KCl with the slide in a vertical 
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position and the micropipette tips down could be carried out 
for many weeks or months without damage to the micropipettes. 
Many different methods of filling micropipettes were tried 
but none were as satisfactory as that outlined above, 

Gross abnormalities of the micropipette tins could 
be seen with the light microscope, but since resolution is 
possible only to about lu., tips with diameters of less than 
0.5u. were not visualized, The approximate tip: size had to 
be determined by measurement of the microelectrode resistance 
to the passage of current which is roughly correlated with 
tip diameter (Nastuk and Alexander, 1953). Final determina- 
tion of the micropipette's ability to measure resting poten- 
tials was found only by actual trial, During the procedures 
of pulling, filling, and storing of the micropipettes, care 
was taken to avoid all umnecessary handling or trauma to 
them as the tips are extremely fragile. By adhering to the 
technique described above, microelectrodes of less than 0,5u. 
tip diameter with junction potentials less than 10mv. and 
resistances of 5 to 30 megohms were produced quite consistently. 

When a slide of micropipettes was to be used, it was 
carefully removed from its Copeland jar and placed ina 
Petri dish filled with freshly filtered 3M,KCl. Before each 
micropipette was placed in the microelectrode holder, it was 
rinsed briefly in distilled water to remove the excess KCl. 

When used to measure resting potentials the filled 


% 
micropipette was held in a lucite cylindrical holder which 


* Purchased from Mr. Andrew Pfeiffer, Old Lyme, Connecticut. 
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was about 10cm, long and 0.5cm. in diameter (see Figure #9), 
At each end metal fittings accommodated the microelectrode 
and the output Ag-AgCl wire, The holaer was filled with 
Ringer's solution of the same composition as that surrounding 
the muscle, and it was mace watertight by plestic gaskets 
between the tube and metal fittings. Electrical connection 
was made from the Ringer's solution to the cathode follower 
by means of a Ag-AgCl wire that was insulated with a tight- 
fitting polyethylene tube as it passed through the upper metal 
fitting of the holder. A rinsed micropipette was placed 
througn the central hole of the lower metal fitting which 
was then screwed tight to hold the micropipette in place, 
Care was taken to prevent an air bubble from remaining above 
the micropipette when it was placed in the holder as this 
would distort the resistance of the system, 

An identical lucite tube with a matched Ag-AgCl wire 
and filled with the same Ringer's solution was used for the 
indifferent electrode (see Figure #7), However, the bottom 
metal fitting and micropipette were omitted; and the lucite 
tube dipped directly into the solution bathing the muscle, 

“Esired Age-AgCl Wires were produced from 20cm, lengths 
of silver wire which was electroplated in dilute saline 
solution. A 5cm, long spiral was made at one end of each 
wire by wrapping the wire around the shaft of a 27 gauge 


lumber puncture needle. This spiral plus about 5cm, of wire 
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was cleaned by dipping it in concentrated nitric acid. The 
unwound end of each wire was connected to the anode of an 
electroplating device, and a plain piece of silver wire was 
attached to the cathode, The perts of the wires to be plated 
were immersed in dilute Nacl solution, and current was allowed 
to flow until the spirals became uniformly grey-black in 
color, This usually took about 15 minutes at 1.0 to 1.5 
volts, The Ag-AgCl spirals were then inserted into the lucite 
holders care being taken to avoid damaging the AgCl coating. 
The electroplating device used for this work caused chloride 
ions to be plated on the silver wire for 50 seconds and 
reversal of current for 10 seconds. This presumably gave a 
more uniform layering of chloride ions, but a 1.5 volt dry 
cell connected so that chloride ions will flow continuously 

to the spiral silver wires (anode) is probably just as 
effective, 

The voltage between paired Ag-AgCl wires was tested 
after electroplating and before each experiment to determine 
if significant polarization had occurred, Studies using a 
Leeds and Northrup Type K Potentiometer to measure accurately 
the voltage between Ag-AgCl wires were carried out, These 
showed that immediately after electroplating the voltage 
between paired wires was generally less than 0O,5mv. If 
square wave pulses of 100mv. with a duration of 1.5msec, and 
frequency of 20/sec, were passed through the Ag-AgCl wires 


for 10 seconds, there was little detectable change in the 
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voltage between wires, Therefore, if voltages of more than 
2-3mv. were found between paired Ag-AgCl wires, these were 


discarded and new ones made, 


Micromanipulator 

The lucite cylinder holding the micropipette was 
mounted on the vertical movement of an old microscope from 
which the stage and barrel had been removed (see Figure #9). 
The fine adjustment of the microscope was used to move the 
microelectrode over a total distance of 2.6mm, through the 
muscle, Calibration of the fine adjustment knob made it 
possible to move the microelectrode 35u. every 10 sec, by 
manually turning this knob, This technique was used in pilot 
experiments, But in later experiments on normal and dystrovhic 
mice a belt connected between the fine adjustment knob and 
ailkRE.P.M. motor drove the microelectrode through the muscle 
at a uniform speed of about 2,3u./sec, Thus the full range 
of 2.6mm, was covered in 15-20 minutes, A make and break 
switch attached to the motor was used to activate a pen 
marker on the Bristol recorder, This provided a merk on the 
record for every quarter revolution of the motor which cor- 
responded to advancement of the microelectrode tip through a 


Gistance of 35u. in the muscle, 


Recording Apparatus (see Figures #4, 5, 7, and 8) 


A change in voltage which appeared at the tip of the 
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microelectrode (compared to the indifferent electrode) was 
transmitted through the 3M.KC1 in the micropipette, through 
the Ringer's solution in the holder, and along the Ag-ApCl 
wire to the cathode follower, Since the glass micropipette 
filled with 3M.KC1l has a very high resistance to current 

flow (about 10-20 megohms), an impedance matching device such 
as a cathode follower had to be used to prevent signal distor- 
tion. Various designs are available, but two were found to 
be most useful. The first one (see Figure #10) employed a 
6AK5 tube which was selected for grid current of less than 
1970 amps, to prevent depolarization of the muscle cell and 
distortion of the signal. During the winter the 6AK5 tubes 


with grid currents less then 19710 


amps. remained in this 
range, but in warmer and more moist weather the grid current 
increased markedly. Therefore, a second cathode follower 

(see Figure #11) was designed using a CK5886 electrometer tube 
which maintained a grid current of 10714 to 1072 amps, In 
both cathode followers the Ag-AgCl wire from the microelectrode 
connected to the grid of the tube via an insulator on the 
cathode follower case, The output from the cathode follower 
was taken at a null point in the cathode circuit, The filament 
voltage of the CK5886 electrometer tube wes maintained at 

50 to 60% of its rated value. This did not appear to cause 
distortion, and ut greatly increased the stability of the 


cathode follower, 


The signal from the output of the cathode follower was 
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simultaneously recorded by a Bristol Model 560 Dynamaster 
pen recorder and a Water, oscilloscope. As the pen recorder 
had a very slow response time, the oscilloscope was used to 
monitor rapid changes in voltage. Because the gain of the 
amplifier in the Bristol recorder was too large, a voltage 
divider was placed in its input circuit providing a means of 
adjusting the gain of the pen recorder, This direct writing 
pen recorder made a permanent record in graphic form of varia- 
tions in voltage that occurred as the microelectrode was 
driven through the muscle, A second pen on the Bristol 
recorder, activated by a separate curcuit, recorded the 
depth of the microelectrode in 35u, intervals on the same 
chart synchronously with the voltage record, This pen was 
triggered by a switch on the motor that drove the micro- 
eleetrode, 

To accurately calibrate the records on both the Bristol 
recorder and the oscilloscope, a voltage calibrator (see 
Figure #12) was designed. This was inserted between the 
indifferent electrode and ground, It provided either a 
direct path for the signal to ground or changed the voltage 
of the whole circuit 5, 50, or 500mv. above or below ground 
potential. The output of the calibrator was originally 
standardized against an Eplab Standard Cell of 1,0183 volts 
using the Leeds and Northrup Type K Potentiometer, 

To determine the resistance of the microelectrode, 


a shielded wire from the input of the cathode follower 
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provided the input to a resistance tester (Figure #13). In 
this device a known voltage was applied across a known 
resistor in series with the microelectrode and ground, The 
input to the cathode follower was taken between the known 
resistor and the microelectrode, When the known resistance 
was equal to that of the microelectrode, one half of the 
voltage appeared across the resistance and one half appeared 
across the microelectrode, If then the resistance was 
shunted, the full voltage appeared across the microelectrode, 
These voltage deflections were observed on the oscilloscope 
and Brisfe/) recorder, Different known resistances were sub- 
stituted until the voltage drop across the resistor was 
equal to one half of the total voltage drop. 

Grid current was determined by noting the difference 
in voltage as seen on the oscilloscope or Bristol recorder 
when the cathoce follower input was alternately shunted to 
ground through a 90 megohm resistance and to ground through 
no resistance, The difference in voltage is proportional 
to the grid current since by Ohm's law I = E/R where R = 90 
megohms, Measurement of grid current was made only when the 
micropipette was out of the Ringer's bath, Otherwise its 
resistance would have been in parallel with the 90 megohm 
test resistor and the resultant voltage would have been altered, 

To reduce extraneous noise and signal distortion, the 
cathode follower was mounted on the micromanipulator, and the 


Ag-AgCl wire from the microelectrode to the cathode follower 
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input was kept as short as possible (see Figure #9). Also 
the preparation, micromanipulator, and cathode follower 
were mounted in a shielded box to prevent electrical inter- 
ference, However, no effort was mede to achieve a very low 
time constants; nor were extreme measures taken to reduce 
capacitances as action potentials were not studied; and the 
time constant is not critical in the méasurement of resting 


potentials, 


Testing of the Apparatus 

Prior to the beginning of each experiment, several 
tests for the proper functioning of the electrical equipment 
were made, First the Bristol recorder and oscilloscope were 
calibrated with a known voltage, Next without a micropipette 
in place the voltage between the two Ag-AgCl wires was noted 
by grounding the input to the cathode follower, Thirdly the 
micropipette holder was raised out of the Ringer's solution, 
and the grid current was measured. A micropipette was then 
selected, rinsed in distilled water, and inserted into the 
holder. The tip was immersed in the Ringer's bath, and the 
microelectrode's resistance and junction potential were 
determined, The junction potential is a voltage that develops 
between the microelectrode and ground, It is probably due 
to the unequal diffusion of tons at the microelectrode's tin, 
and it may increase when debris collects on the tip and clogs 


it (Adrian, 1956). The junction potential was measured by 
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noting the voltage change when the cathode follower inout was 
grounded while the microelectrode was in place and its tin 

was in the Ringer's bath. No microelectrode was used for 
recording resting potentials whose resistance was below 

5 megohms or above 40 megohms or whose junction potential 

was greater than 10mv. No correction was made for the junc- 
tion potential as it would change quite unpredictably, and 

no method was available to determine its value while a penetra- 
tion of a muscle was in progress, 

If all of the above tests were satisfactory, the 
preparation to be studied was placed beneath the micro- 
electrode; the indifferent electrode and a thermometer were 
put into the surrounding Ringer's solution; and the temperature 
was noted, The microelectrode was then lowered toward the 
muscle perpendicular to its surface with the coarse adjust- 
nent of 'the micromanipulator until its tip had just penetrated 
the first cell as shown by a sudden marked change in voltage 
on the oscilloscope and Bristol recorder, The motor was 
then started and, turning the fine adjustment knob via a 
belt, drove. the microelectrode through the muscle, When the 
microelectrode had moved 2.6mm. (end of fine adjustment 
movement), or if there was evidence of breakage of the micro- 
electrode, the motor was stopped; the microelectrode withdrawn 
from the muscle; and its resistance and junction potential 
measured, If the junction potential had risen, it was as- 


sumed that the microelectrode was "clogged." If the resistance 
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had fallen, it was assumed that the microelectrode was 
broken, In either case the micropipette was discarded, and 
a new one was placed in the holder for the next penetration, 
Immediately before each penetration the resistance and junc- 
tion potential were measured, If they did not satisfy the 
above criteria, the micropipette was replaced until one was 


found that did satisfy these criteria, 


Histological Procedures 

| In studies of the resting potential in normal and 
dystrophic mice, following the electrical recording, the 
gastrocnemius muscle was carefully resected and Fixed in 
Helly's solution for 3 to 12 hours. It was then washed in 
water, dehydrated in increasing concentrations of ethanol, 
and stored for a short time in cedarwood o11, Next it was 
imbedded in parafin, sectioned, and stained with hematoxylin 
and eosin, | | 

Slides prepared in this manner were examined under a 

light microscope, A calibrated optical micrometer was used 
to determine fiber chords unéer the high dry objective 
(430X magnification). In muscles from normal mice three 
sections and in muscles from dystrophic mice six or seven 
sections were randomly selected from the slides of each 
muscle for examination, The optical micrometer was adjusted 
so that its scale was parallel to the movement of the 


mechanical stage. A point near the central part on the 


Pare 2 7 ee 


: a ie 
en | et ay 


2nW eborsoefeorotm sid Bee! bowcee asw oe 


.tolderteneq txen eft tot v9bLod axis ut besa ea ‘eu. wen 
m ¥ 


wont Bae soseteatact ant nottextoneq dose oroted vieve 


oft ytatisa tom bLb yes I «born 289% otow Lattoeso 
i ép rs : - e., | bok 
asw ano Itty Be sain adh new eddogtoosotn orld ry eR 
; : a t <0 
tuned £19 oaec viatiaa bt. a 95 
| ee “% : “ag vy, . 


ont 5 
" t , 2 
ak > J ay 


gorusboo074. tel 
i? Mie ae '¥ ren ry, 
Bes Iemton af Ietsasstog satiaon to. eetbuta ol #2") \ 
a dt em et ak r errs y 
ont ,gntbioost feotatoele era gntvot to’ +29 3 ota ordeyb 
7 vg « he 


on 


iy 
mt foxt? bas betoeact vilwters 2ew ssoeum sutmonce” 3859 


vue ot a A 
nt betasw aedd esw dT . aivor SI of € 10 nottutos ety ott uy 
. Die) i a 4 7 
elonsdse to anioLtartd ng90109 gntecotaat nt hetetbydeb orice - 
ahha fi 4 
ssw tt txeM .f[to-hoowrsbes of omtt troda © x07 betod : bas 


a ump " 
atfivxotsmend dgtiw banrtade bas psenottace at teted, ‘pt, bebe At 


ea 2 7 
ipsbeey fae 


teobo hentmSx® a Tew TeNiso ated ob heweqett aphrte A 


bea aaw tetemotnota froftco bedaidifes 4 ,2qou% soso ‘haa 


ayttoetdo yb futd edt 19ebms absodo tedlt sntnsedeb of 


r? 

sexdt eofm Lsatotr soit 29 Loakm er _ (ao tseott tegen XO) “ 
yo 

eaves To xfs sofm oltngotteyd mort geloeum of one anok?208 


ea 


Joss to eebtLe alt mort netoelen “Ymobset e1ow anotione, 


Setentds asw tetseaons ofa Isaitco edt -totdentuexe 10% efoaum 


Pe 


oid to Jnemevem ont o¢ Lof{staq asw sison att taxis on 


ait so tisc Ieatren edt ise8n jntoa A ,ogedte Tab fiedcen 


lice 


external surface of the muscle was chosen, and the chord of 
@ll fibers along a straight line from this point to the 
internal surface were measured, Also the total distance 
across the muscle at the selected point was measured, By 

this method the muscle was examined histologically in a way 
that duplicated what the microelectrode had measured in vivo 
(electrically) as far as fiber size and fiber relationships 
are concerned, This provided a means of comparing muscle 
structure as seen on histological section with that determined 


from electrical records measured in the living mouse, 


Statistical Procedures 

Determinations of means, standard deviations, standard 
errors of the mean, standard errors of the difference, 
T-ratios, etc, were done according to the methods and equa- 
tions described in Elementary Statistics by Underwood, B.J. 
et al. (1954), 


i 


x4 


to “iro orld. bas) ysesedo ast 
anit) od tatog atrit mont ookd 
sopate ne fetods ond), ees | | 
“ow «bowwanom: asw tatog beso 


oviv pe hakiieseel be | eber998 


ae gutteqras to s ibedel 


bantmveteh ters Atiw sottoes Le 


bisbosde ,anotseiveb ——— 


-sups bee abortem aft, of, ga2in009 


ste ,Soowtebel! yd aotdatted®, Yy2ad 


\ 


Figure #1. Mounting chamber and instruments for 
dissection of mouse gastrocnemius muscle, 


Figure #2, Living dystrophic mouse. Note position 
of hind limbs. 
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Figure #3. MOUNTING CHAMBiR *OR IN VIVC STUDIES 


OF THE MOUSE GASTROCNEMIUS MUSCLE 


The mouse's head rests on the elevated block, and its limbs 
are secured to three of the four corner posts. The leg to 

be studied passes through the hole in the trough with a string 
from the foot vassing under the horizontal bar and secured at 
the back of the trough. Stay sutures to maintain exvosure of 


the gastrocnemius are tied to the vnosts on either side of the 
trough. 
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Figure #4, BLOCK DIAGRAM OF THE APPARATUS USED TO 
RECORD RESTING POTENTIALS 


Figure #5. Electrical apparatus used to 
record resting potentials. Motor (attached 
to shelf) with belt connected to micro- 
manipulator drives microelectrode, 


Figure #6. Micropipette puller. 
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Figure #7. Micromanipulator with lucite 
micropipette holder. Belt from motor is 
attached to fine adjustment knob of 
micromanivulator. In left foreground is 
stand with indifferent electrode. 


Figure #8. Recording apparatus for micro- 
electrode impalement of in situ mouse 
gastrocnemius muscle. Oxygen is supplied 
through rubber tube and cone. Magnifying 
glass in center aids in placement of 
microelectrode. 
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Figure #9. Micromanipulator with micropipette holder and cathode 
follower. Lucite chamber for mouse is in the foreground. 
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Figure #10, CATHODE FOLLOWER #1 


Figure #11. CATHCDE FOLLCWER #2 
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Figure #12. VOLTAGE CALIBRATOR 
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Figure #13. RESISTANCE AND GRID CURRENT TESTER 
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RESULTS 
Preliminary Studies of Normal Mice 


One mouse was anesthetized with sodium amobarbital, 
and its right gastrocnemius muscle was exposed, Ten resting 
potentials were recorded by manually penetrating the muscle 
with a microelectrode until a sudden change in voltage (i.e., 
a resting potential) was noted and then withdrawing the 
microelectrode and repeating the procedure in another place, 
The mean value for these ten penetrations was 80,2 + 6.4mv, 
(S.D.). The incision was closed, and the mouse was returned 
to its cage in good condition. Five days later the mouse was 
sacrificed, and in a similar manner ten resting potentials 
were recorded from the excised left gastrocnemius and ten 
from the excised right gastrocnemius muscle, The mean 
resting potential from the excised left gastrocnemius muscle 
was 74,7 t 4.3mv, (S,D.) which did not differ significantly 
from the mean resting potential of the excised right gastro- 
cnemius muscle which was 72.0 * 4.omv. (8.D.),. Both of these 
values were significantly lower than the mean resting poten- 
tial of the right gastrocnemius muscle in situ (+< 0.01), 
This experiment as well as other similar observations led 
to the choice of an in situ rather than an excised prepara- 
tion for resting potential measurements. 

In a subsequent experiment a microelectrode was driven 


through a mouse gastrocnemius muscle in situ, It was advanced 
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manually 35u. every 10 seconds, and the voltage was con- 
tinuously recorded, After the first penetration through the 
muscle, the mouse died apparently from the overenthusiastic 
use of sodium amobarbital, Further penetrations through the 
muscle were made one hour and three and a quarter hours after 
death had occurred. Analyses of the frequency distributions 
of voltages recorded at 35u. intervals as the microelectrode 
traversed the muscle are shown in Graph #1 for the living 


mouse and one and three and a quarter hours after death. 


Studies of Normal Mice 

Six gastrocnemius muscles in six living, normal, 
strain #129, Swiss mice were examined electrically and then 
excised and studied histologically. The mice weighed between 
19 and 32 grams with an average of 27 grams. None of these 
mice had abnormal vosture, ataxia, or other stigmata of 
muscular dystroohy,. The mice were randomly selected, and the 
first three penetrations of each muscle were analyzed except 
for one mouse in which the first penetration utilized a 
microelectrode with a resistance of 38 megohms, The high 
resistance resulted in technical difficulties, and the penetra- 
tion was omitted from the data. However, the second, third, 
and fourth penetrations of this muscle were analyzed, For 
the electrical studies the microelectrode was driven by 4 
motor at about 2.5u./sec. through the in situ muscle, The 


voltage between the microelectrode tip and an indifferent 
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electrode in the surrounding bath was continuously recorded 
on the Bristol Dynamaster potentiometer, Notation of the 
microelectrode's progress through the muscle was simul- 
taneously recorded at 3£u. intervals on the record (see 
Figures #15 and 16). From these records the instantaneous 
voltage at intervals of 35u. was calculated, A frequency 
distribution of these voltages is plotted on Graph #2, This 
graph shows only the frequency with which agiven voltage was 
recorded as the microelectrode traversed the muscle, It does 
not show actual resting potentials, 

The original records were also analyzed in terms of 
resting potentials, A change in voltage had to satisfy the 
following arbitrary criteria to be called a resting potential, 
First the change had to be abrupt; and while the microelectrode 
travelled less than 20u., the voltage must have reached a 
value greater than 30mv, above the baseline (Omv.). Second 
the voltage must have remained relatively constant (7 20mv.) 
while the microelectrode traversed a distance of at least 
l4u. Third as the microelectrode appeared to leave the cell, 
the voltage must have fallen abruptly at least lOmv. The 
value for the resting potential was taken as the mean of the 
initial peak voltage and the voltage immediately prior to 
the abrupt fall. By these criteria 298 resting potentials 
were selected from the 18 penetrations of 6 muscles, The 
mean value was 92,5 1 10.8mv, (S.D.). The average resting 


potential and standard deviation for each muscle is presented 
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in Table I. Graph #3 shows the frequency distribution of 
these 298 resting potentials, 

By measuring on the records the distance that the 
microelectrode traversed between the initial rise of a 
resting potential and its abrupt fall, an estimate of the 
fiber chord along which the microelectrode passed through 
the cell was made, It was assumed that if the cell membrane 
dimpled inward as the microelectrode entered, it would be 
pushed outward an equal distance as the microelectrode 
left the cell. No correction was made in these measurements 
for cells pierced along shards. unieh differed from their 
maximum diameter, It was, in fact, assumed that only rarely 
the maximum cross-sectional fiber diameter would be recorded; 
and generally chords would be measured, The mean fiber chord 
of 297 cells was 34,8 Z 19.2u. (S.D.), The average fiber 
chord and standard deviation for each muscle is listed in 
Table I. Graph #4 shows the frequency distribution of 
electrically determined fiber chords, and Graph #5 shows the 
resting potential plotted against the fiber chord for each 
normal muscle cell, It should be noted that in accordance 
with the first and second criteria for selection of resting 
potentials 30mv. is the lowest resting potential and 14u, is 
the smallest fiber chord measured in these studies, 

Hematoxylin and eosin stained cross-sections of the 
muscles that had been studied electrically were examined 


(see Figures #23, 24, and 25), A straight line arbitrarily 
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drawn across the section simulated the path of the micro- 
electrode through the muscle, Histological fiber chords were 
determined by measuring the length of the line within cell 
borders with a calibrated optical micrometer, All chords 
less than l4u. were eliminated, Thus the histological sec- 
tions were examined in a way analogous to that recorded by 
the microelectrode, All fiber chords greater than l4u, were 
measured along @ straight line as the line passed across cell 
borders in three sections from each of the six muscles studied 
electrically, The mean histological fiber chord of 837 cells 
had a value of 32.7 1 15.9u. (S.D.). Table I presents the 
average fiber chord for each muscle, Graph #6 is a frequency 
distribution of the histologically determined fiber chords 
from the normal mice muscles, 

The total distance that the microelectrode traversed 
was recorded for each of the three penetrations through each 
muscle, This distance averaged 7869u. per muscle, If all of 
the electrically determined fiber chords are added together, 
the fiber space can be determined, This space had a mean 
value of 1729u. per muscle, The fiber space subtracted from 
the total cistance that the microelectrode had travelled was 
called the extra-fiber space. The mean value for this was 
6140u. per muscle. The ratio of the fiber space to the total 
distance expressed as a per cent gave the mean % fiber space 
of 22% = 5.5% (S.D.) per muscle, Likewise the ratio of the 


extra-fiber space to the total distance expressed as a per 
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cent gave a mean value of 78% E65 29% \(S.D.) per muselé, TablLeIl 
gives these values for each muscle from the electrical (in situ) 
records of normal mice, 

Similar calculations were made from the histological 
studies, The total distance, fiber space, and extra-fiber 
space were determined for each muscle and for the whole group. 
From these values the mean % fiber space was found to be 
62.0% = 7.6% (S.D.) per muscle and the mean % extra-fiber 
space was 38.0% ¢ 7.6% per muscle, Table III gives the 
average values from the histological study of each normal 
muscle, 

Since the mean electrically determined fiber chord 
is 34.8u. and the mean histological fiber chord is 32,.7u., 
there is only a shrinkage of 6% of the fiber with fixation. 
However, for the purpose of calculating the shrinkage of the 
extra-fiber space due to fixation, it was necessary to allow 
for the increased fiber space present in the histological 
preparations, This was taken into account by assuming that 
the electrically and histologically determined mean fiber 
chords were equal and then utilizing the following equations 
to determine the ratio of the histological to electrical 
extra-fiber space, 
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HS, - %HS_(HS_) ES. . 4ES_(ES_) 
eee ee = ee eae Equation #2 
SH, BES 
SUS, 25S, 
J x Y Cia 
ESq SHS{ - sus, (688,) ; 
ES 7 ZES_ . %HS-(ZES_) Bearer ee 
T fre T = | ~ T 7 T 


where: %HS_ = % Histological extra-fiber space, 

3 % 2h az 

ES + = % Electrical fiber space, 

Sq, = Eleetrical or histological fiber svace, 


Sy = Electrical or histological extra-fiber space. 


By this method the electrically determined extra- 
fiber space was calculated to be 5.8 times larger than the 
histologically determined extra-fiber space, There was thus 
an 83% shrinkage of the extra-fiber space but only a 6% 
shrinkage of the mean fiber chord with fixation and histological 


processing, 


Studies of Dystrophic Mice 

Six gastrocnemius muscles from five living Strain #129 
mice afflicted with hereditary muscular dystrophy were studied, 
The mean weight of these mice was 15 grams which was sig- 
nificantly less than the mean of the normal mice at the 1% 
level (€<0.01). The weights ranged from 13 to 17 grams, 


All of the mice showed rather severe disease with dragging 


o 


Tk cottegpa ee ee zs 
| ee 
Oxia! }oeHS 
e& goftteypd bce aasern 
(EA Ug PER, - ft 
‘ ay eR a 
7 wAl a 
,sosdea tadtt-sitxe fsoltgoloseti * = eek verona 
.e0egea Yedt (o'PSotasoera } x “ see) 
,eoaqa edt teotgotodeltit! no riot ott’ 3B" * TOM a 
ooece tadtt-srtxe ([sotaofodtetl to [eotedoolt « 12 = : 
_axtxe bonimnetes ¥lfeobrsete adit bodtam efi va 
ait cradtt yegtel somtt 8.0 ed of petefuoles asw so8qa “odt’ 
sudt asw siedT .s9sqea tod tt-stdx9 pomtncoteb Wlleotgofotets 
13 € elro tid so8e2 aod Vabrsxe Mis to og suninda RES ns | 
sfotein bas nottextt ddiw btorlo sede? sem std To oeduictle 
Tpmteasootd 
aodt athe Wa 4 a to 2oniyt2 
est ntawe sea vil ovit mort aokoeum auimedooitasa x£e | 
_hebtude etaw yigotteyh velwoeum yiadibeted adi pedstitis cote 


este asaw fotcw amery ef asw solo gaerlt to triatew meen ofT 
er aft te aotm Ismtonr od To msbem ent mets enel yidnaottin 
eamarg Tf ot Ef mort bounsi adclytew ait ,(L0.0>4) favel 


entageth déiv sassatb eteve2 gatdet bowola soltm eft to IIA 


4 


aiid 


of their hind limbs, head nodding, and weight loss (see 
Figure #2). No attempt was made to control the factors of 
age or weight. In situ electrical studies were carried out 
in a manner similar to that used for the normal mice, Follow- 
ing the electrical measurements, the gastrocnemius muscle 
was excised and histological sections prepared from it, 

Five or six motor driven microelectrode penetrations were 
made through each muscle with continuous recording of the 
voltage. A record was stopped when the tip of the micro- 
electrode was found to be broken as evidenced by a drop in 
the resistance, Often after the microelectrode had penetrated 
about 1000u. or more the voltage would suddenly rise to 50mv, 
or higher and remain at this level while the microelectrode 
moved 300 to 1000u, or until the record was stopped. It was 
not possible to measure the microelectrode's resistance at 
goitares over 2Omv.; but after these very long intervals at 
relatively high voltages, the microelectrode resistance was 
nearly. always found to be quite low. The cause for this 
phenomenon was not determined, However, as it was quite ave 
parent that the resting potential of a fiber was not being 
measured and since the resistance of the microelectrode was 
markedly diminished indicating probable breakage of the tip, 
the record was stopped and analyzed only to the beginning of 
this plateau. Figures #17, 19, and 20 show typical records 


from the Gystrophic mice. The voltages which occurred at 
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intervals of 35u. were extrapolated from the records and used 
to plot the frequency distribution in Graph #7. 

Exactly the same criteria for selection of resting 
potentials and electrically determined fiber chords were used 
for the dystrophic mice as for the normal mice, The mean 
resting potential for 166 fibers was 84,9 ~ 15.9mv. (S.D.). 
Graph #8 shows the frequency distribution of these resting 
potentials. The electrically determined mean fiber chord for 
the 166 cells was 67.9 = 49.lu. (S.D.). The frequency distribu- 
tion of fiber chords is plotted on Graph #9. The resting poten- 
tial of each cell plotted against its electrical fiber chord 
is presented in Graph #10. Table IV shows the average resting 
potential and average fiber chord for each dystrophic muscle. 

The histologic sections of the dystrophic muscles were 
examined in a similar manner to those of the normal muscles 
(see Figures #21, 22, 26, 27, and 28). The number of sections 
studied was the same as the number of microelectrode penetra- 
tions made in each muscle except that in one muscle seven 
sections were examined because part of the cross-section was 
lost as a result of improper sectioning, The chords of 737 
fibers were measured, and the mean value found to be 32,8 : 
16.0u. (S.D.). The average fiber chord for each muscle is 
listed in Table IV and the frequency distribution of all the 
histologically determined chords is plotted on Graph #11. 


The total distance that the microelectrode travelled 
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through each muscle, the electrically determined fiber space, 
extra-fiber space, % fiber space, and % extra-fiber space 
for each muscle appear in Table V. It will be noted that 

the electrically determined mean % fiber space is 24% BN 

7.3% (S.D.), and the mean % extra-fiber space is 76% + 738 
(S.D.). The analogous histological date for the dystrophic 
mice is presented in Table VI from which it will be seen 
that the histologically determined mean % fiber space is 
42.1% . 3.4% (S.D.), and the mean % extra-fiber space is 
57.9% + 3.4% (S.D.). 

Comparison of the electrically determined mean fiber 
chord (67.9u.) and the histologically determined mean fiber 
chord (32,8u.) showed that there was a 53% difference in the 
dystrophic mice muscles. Because of this difference the equa- 
tions for determination of the change in extra-fiber space 


with histological processing were modified as follows: 


| SHS = I : ts 
, HS 5 cde ans 7 ES + PES, (ESy) 
ee ee ERE Rly See OA Se Equation #4 
er HS, ) GES 
HP 
HS SHS_ =- £HS_(%ES_) 
7 / 
eae a ae ee Equation #5 
ES; 2 (AES, - 6HS_(ZESz) 


By this method it was calculated that the electrically 


determined extra-fiber space was 4,6 times the extra-fiber 
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Sees tS se eee S£SEF actermined histo- 
logically. Thus there was a shrinkage of 78% of the extra- 
fiber space with fixation and histological processing, 

The difference between the electrically and histo- 
logically determined mean fiber chords in the dystrophic mice 
is statistically significant at the 1% level (#4 0.01). ‘Thr 
dystrophic mean % fiber space from histological sections is 
Significantly larger than that from the electrical studies 
at the 1% level (+< 0.01). The inverse is true for the 
extra-fiber space. That is, the electrical mean % extra- 
fiber space is significantly larger than the histological 
mean % extra-fiber space in the dystrophic mice. 

In the normal mice again the histological mean % 
fiber space is significantly larger than the electrical 
mean % fiber space while the electrical mean % extra-fiber 


space is significantly larger than the histological mean % 


extra-fiber space at the 1% level (#< 0,01). 


Comparison of the Normal and Dystrophic Mice 

Graoh #12 is a frequency distribution of voltages at 
35u. intervals comparing the results from the normal with 
those from the dystrophic mice, The % frequency rather than 
the absolute frequency is used for the ordinate to allow for 
the difference in numbers in the two groups. 


The mean resting potential of the normal mice muscles 


is significantly larger than that of the dystrophic muscles 
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at the 1% level (+40.01). The frequency distribution of 
the resting potentials from the normal and dystrophic mice 
plotted on the same coordinates is presented in Graph #13. 

Although by histologic measurements the mean fiber 
chords of normal and dystrophic mice muscles are essentially 
the same, by the electrical (microelectrode) measurements 
the dystrophic fibers are significantly larger at the 1% 
level (¢< 0.01). Greph #14 shows the frequency distribution 
of normal and dystrophic fiber chords determined electrically, 
ana Graph #15 shows the frequency distribution of histological 
fiber chords for both groups. 

The electrical determinations of the mean % fiber 
space and % extra-fiber space do not céiffer sipnificantly 
between the normal and cystrophic muscles. However, in the 
histological studies the mean % fiber space in the normal 
mice is significantly larger than that in the dystrovhic mice 
at the 1% level (#<0.01). Conversely the histologic mean % 
extra-fiber space is significantly smaller in the normal mice 
than in the dystrophic mice at the 1% level (440.01). It 
should furthermore be noted that whereas in the normal mouse 
the electrical mean fiber chord is only 6% larger than the 
histological mean fiber chord; in the dystrophic mice muscle 
the electrical mean fiber chord is 53% larger than that 
determined from sections. 

In Table VII several measurements of the normal and 


dystrophic mice muscles are presented for comparison. 
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Figure #14. Motor driven micro- 
electrode record of frog sartorius 
muscle. Read from right to left. 
Scales lunit equals lmv. Compare 
with mice records, 


‘ac ennni 


Figure #15. Motor driven microelectrode record 
of normal mouse gastrocnemius muscle in situ. 
Read from right to left. Scale: lunit equals 
emv. 
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Figure #16. Microelectrode penetration of 

normal mouse gastrocnemius muscle. Read from 
right to left. Scale: lunit equals 2mv. Note 
uniformity of fibers and rise in resting potential 
before microelectrode leaves fiber. Line at bottom 
of record shows microelectrode depth in 35u. units. 
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Figure #17. Microelectrode penetration 
of dystrophic mouse gastrocnemius muscle, 
Read from right to left. Scale: lunit 
equals emv. Fiber sizes and resting 
potentials are quite variable. Compare 
with Figure #16. 
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Figure #18. Normal mouse gastrocnemius record 
(same as Figure #15). Read from right to left. 
Seale: lunit equals 2mv. Compare with records 
from dystrophic mice below. 
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Figure #20. Dystrophic mouse 


Figure #19. Dystrophic mouse 
gastrocnemius record. Read 


gastrocnemius record. Read 
Seale: 


from right to left. Scale: 
lunit equals mv. Most fibers 
have normal resting potentials 
but are of large size. 


from right to left. 
lunit equals emv. Note small 
resting potentials. 
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Figure #21. Dystrophic Figure #23. Normal mouse 
mouse gastrocnemius muscle gastrocnemius muscle 100X. 


100X. Note sparsity of fibers 
compared to Figure #23. 


Figure #22. Dystrophic Figure #24, 
mouse gastrocnemius muscle 
200X. Note central nuclei 
and increased connective 
tissue. 


Normal mouse 
gastrocnemius muscle 319x, 


Figure #25. Normal mouse 
gastrocnemius muscle 319X. 
Compare with Figures #26 
and #28. 
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Figure #27. Dystrophic 


mouse gastrocnemius muscle 
LOOX. 


Figure #26. 
mouse gastrocnemius muscle 


Dystrophic 


319X. A large vesicular 
fiber is in the center. 


Figure #28. 


mouse gastrocnemius muscle 
. : 
JZ1OX. 


surrounding muscle cells, 


Dystrophic 


Fibrous tissue is 


4h 
DISCUSSION 


The records from the motor driven microelectrode 
studies of normal and dystrophic mice were analyzed in such 
a way that voltages at 35u. intervals as the microelectrode 
traversed the muscle were determined and plotted as frequency 
distributions (see Grphas #2, 7, 12). This allowed for 
practically no selection of data by the investigator. The 
very low voltages are thought to have been recorded while 
the microelectrode was outside of cells while the peak at 
the higher voltages is thought to represent intracellular 
recording. This latter peak coincides closely with that 
of the resting potential frequency distributions (see Graphs 
G33 C13). This Similarity indicates that the criteria for 
selection of resting potentials did not materially distort 
the original unselected data. The motor driven microelectrode 
studies of the living and dead mouse (see Graph #1) serve 
only to show that using this technique and method of analysis, 
changes in the physiological state of the muscle can be 
measured. 

For the comparison of resting potentials in the normal 
and dystrophic mice an in situ preparation was used, This 
was done because preliminary studies showed a significant 
fall in the resting potential of the excised mouse muscle, 
and it was thought that in vivo studies would be more 


"nhysiological." It is apparent from Graph #12 that between 
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85 and 105mv, there is @ much lower frequency of voltages 

in the dystrophic mice than in the normal controls. Eut 
between 35 and 80mv. the frequency is higher in the Gystroohic 
mice. A similar situation is seen with regard to the resting 
potential in Graph #13. From these two graphs it may be 
postulated that in the dystrophic muscle there are some fibers 
with resting petentials quite comparable to those of normal 
fibers, However, other fibers appear to have reduced resting 
potentials to varying degrees, It seems not unreasonéeble 

to propose that as the disease process proceeds the resting 
potential is gradually reduced to zero millivolts from its 
normal value of 90-100mv. If this is true, the fiber would 

be expected to become at first hyperexcitable as the resting 
potential gradually fell toward the criticial potential and 
later inexcitable as the voltage went below the critical 
potential (Jenerick and Gerard, 1953 and Jenerick, 1956). 

This could perhaps be the explanation for the fibrillations 
that have been observed in the dystrophic mice (McIntyre et 
al., 1957 and 1959). 

The mean resting potentiel in living normal mice 
sastrocnemius muscles abserved in this study was 92,5 = 10.8nv. 
(S.D.). his is similar to in vivo resting potentials found 
by Bennett (1953) ané McIntyre (1957) in the mouse. The 
following charf gives some of the resting potential values 


observed in mammalian skeletel muscle. 


3 


gegadfov Yo Y: oeteaipent owoL chomm a evedd te 
tu2 .afottnoo Lagton att of o | 


anitees od ot Dismedt adie vesa ae a0. 


7299 Je oyosi avad of degra) ated £ 


itpo2ssins tom amsea dT aes 


Woe toait? o4) ,eort ea¢ afi YT eines an i» delete 
. , 3 1 7 
niteac" off afta iogeise yh deact ® he 2019 264 ot Dedoeaxe ad 


Isottfuy efd woled doew ayediov: aut ae! cee nouieiei 


1 aves i, 


ad yep of sdeevg avd eoedd noth) 7 fears) at ‘alana 
anedcit amoe sie siertd afosna ridnon towers: ve ‘dedi: bosatnds 
Lemtod to esond ot ofdssacmos oadfup Hepes ich pansaen satn 


re fattougor Istottinw oft Baswods Aiea vii aube ty Lat stynoe 


~(5¢°f ,noliersl dace POEL < Seen of bats Ok ge eH Settestoy 4 7 


tres iieiiiedt: e417  o& golden fgee aust ad soatlag bivos ! abd’? 


RRL bre SRE cael 7 


vote fomior aoatwit af Latdoetog, syitaes seen’ GIT) 974 4 Hey 
4.0L = B.S enw vtute ate’ at oovieadea aelourm. cutmagqoottasy 


~ 


miok afettinotog gatteen ovtv at of aafimte et ata. 6. ca) 


af) accom old of (F8@L) oiydterhom dae (22OL) ttomeea oy - 


gonlev Lottradoc: aertreei act to Oe Bove Yxsdo gettwolfot 
eofoeun (slefada metlennsm ah bevissdo 


Ta atydntol) arin abdcowagh os nf dovasedoy geead evad add > . 


at 


1 


-46- 


Author and Year Preparation # of Mean S.D. Range 
Pibers"h.P, 


Bennett 1953 Mouse in situ 1130 99.8mv. 6.5 mv. 79-123 mv. 
McIntyre 1957 Mouse in situ cere OO alain aie 
Choh-Lu” Li 1957 Bat in situ BS 82.2 ae 64.99 
Boyd 1956 Cat excised wt DS --= 60-90 
Liley 1956 Rat excised SL 73 SZ ce a22 
Creese 1958 Rat excised --- 70<80 --- an 
Zierler 1959 Rat excised 225 74 12.0 eates 
Creese 1957 Human excised LHe 72.6 10.0 45105 


From this chart it can be seen that the excised preparation 

has generally a lower resting potential than that measured 

by in vivo methods. This may in part be due to difficulty 

in oxygenating an excised mammalian muscle, The méan resting 
potential of dystrophic muscles in this study was 84.9 z 15.9mv. 
(S.D.). The only mention in the literature of the resting 
potential in dystrophic mice muscle is an abstract by McIntyre 
et al. (1957) in which he states that the in vivo resting 
potential of dystrophic mice is 85mv. His method, number of 
animals, standard deviation, and range of values are not 
revealed, It should be noted that in the present study the 
standard deviation of the dystrophic fiber's resting potentials 
is larger than the standard deviation for normal fibers. 

This is consistent with the wider spread of dystrophic 


muscle voltages plotted in Graph #13. Furthermore the fact 
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that the mean resting potential of the dystrophic muscles 
nie Significantly lower (#<0.01) than that found in normal 
muscles does not mean that there are two sharply defined 
groups. Rather this difference represents the admixture of 
normal fibers with moderately and severely diseased fibers 
to make up the dystrophic muscle. This combination then is 
sufficient to produce a statistically significant difference 
in the mean resting potential between the normal and dystronvhic 
muscles, The reason for the progressive decrease in the 
resting potential of some fibers in the dystrophic muscles 
is-not apparent. It may, however, be due to an abnormality 
in the dystrophic fiber's metabolic processes (Ling and 
Gerard, 1949). 

During the study of the records obtained while a micro- 
electrode was driven through a normal muscle, it was observed 
that ina iewee majority of fibers the voltage rose about five 
millivolts immediately before the microelectrode passed from 
the inside to the outside of the cell. Although this was 
occasionally seen in the dystrophic fibers, it was quite 
regularly observed in the normal records (see Figures #15 
and 16). It has been commonly noted that after a muscle fiber 
is impalsed by a microelectrode its resting petenbial appears 
to fall slowly. This has been attributed to the diffusion of 
ions from the microelectrode tip and to membrane injury and 
tearing (Nastuk and Hodgkin, 1950; Shanes, 1958; and Graham 


and Gerard, 1946). This fall in resting potential was often 
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noted in the present study especially in the normal mice 
records where it occasionally appeared as a mirror image of 
the rise in voltage which occurred before the microelectrode 
left the cell. It is suggested that these two observations 
may be manifestations of the arrangement of ions within the 
cell and not related to the diffusion of particles from the 
microelectrode or to membrane injury. The fall in voltage 
after the microelectrode enters a cell and the rise in 
voltage before it leaves the cell may be artifacts from the 
physical effect of the membrane on the microelectrode tip to 
change its resistance. This seems unlikely, however, because 
the voltage changes are in opposite directions. These phenomena 
may well represent the accumulation of negatively charged 
particles close to the inner surface of the membrane, Thus 
as the microelectrode enters the cell and vasses through 

this layer of negative charges, the resting potential appears 
to fall (become more oositive). After the microelectrode 
passes through the cell and as it approaches the opposite 
membrane, the resting potential rises (becomes more negative) 
until the microelectrode pierces the membrane and enters the 
extra-fiber space at which time the voltage falls abruptly 
toward zero. In publications by Creese et al. (1957), Blum 
et -al.s;(1957)3; 1and Creese,et al. (1958) pictures of their 
records obtained with motor driven microelectrodes show the 
same phenomena of a fall in resting potential after the cell 


has been entered and a rise in voltage just before the 
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microelectrode leaves the cell. However, they do not comment 
on it. Further investigation of these voltage changes would 
seem justified. 

In many studies of the resting potential comparison 
of the predicted value on the basis of known ionic con- 
stituents with the resting potential observed in the labora- 
tory has been made. Although the predicted resting potential 
is rarely the same as that found experimentally, the com- 
parison is still of interest. Using the Nernst Equation, 
the predicted resting potential can be calculated from 
the ratio of intracellular potassium (Ki) to extracellular 
potassium (Ko). Thus at 37°. 

Ki 

R.P. = 61.5 log 7 Equation #6 
According to Timiras et al. (1954) the ratio of the intra- 
cellular concentration of potassium to the extracellular con- 
centration of potassium in mice weighing an average of 24 
grams is 23. When this value is used in Equation #6, the 
predicted resting potential is 83.7mv. This is somewhat 
lower than the value of 92.5mv. obtained from the experi- 
mental studies. However, Creese (1954) found the in vivo 
ratio of Ki/Ko in rat diaphragm to be 34 giving a predicted 
resting potential of 94.2mv. which closely approximates the 
observed value. It has been found by Baker, Blahd, and Hart 


(1958) that there is a 20% reduction in the intracellular 
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potassium concentration of the dystrophic mice muscles as 
compared to the normal controls. If it is assumed that the 
extracellular potassium is the same in the normal and dystrophic 
mice, then using 20% less than Creese's ratio of Ki/Ko for 
in vivo muscle, the predicted resting potential is 88.2mv. 
This is slightly higher than the experimental mean resting 
potential of 84.9mv. for dystrophic mice muscles. The 
discrepancies between the predicted and experimental resting 
potentials could be due to inaccurate measurement of ionic 
concentrations, species differences, or the fact that the 
resting potential is not completely dependent on the ratio 
of intracellular to extracellular potassium, 

The in situ fiber chord was defined as the distance 
that the microelectrode travelled between its entrance into 
and exit out of a cell as determined by changes in resting 
potential. The value of 34.8u. for the mean fiber chord in 
normal mice muscles is higher than that found by Creese et al. 
(1958) for the excised rat diaphragm. The difference between 
their value of 26.7u. and that obtained in this study could 
be explained on the basis of species variability, muscle dif- 
ferences, and difference in tension and angle of penetration. 
The large standard deviation of 19.2u. in the present study 
and 15.7u. in the study by Creese et al, (1958) is probably 
due in large part to the fact that fiber chords and not 
maximum diameters were measured, The value of the mean fiber 


chord measured in vivo is very similar to that measured from 
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the histological sections. The latter had a mean value of 
Be.7 = 15.9u. (S.D.). Also it can be seen from Graphs #4 
and 6 that the frequency distributions of fiber chords are 
similar in the normal mice. Therefore, the fiber shrinkage 
on fixation appears to be negligible. No analysis was made 
to convert the mean fiber chord values to fiber diameters 
because chords were used throughout the study for both 
electrical and histological sbeertatisue: Emerson and 
Emerson (1959) found in their study of 2400 normal mouse 
gastrocnemius muscle fibers that the mean maximum cross- 
sectional fiber diameter was 48.8u. with a range of 14 to 
ll4u. Their standard deviation was 14.7u. which is similar 
to that of the present study. It is to be expected that 
their mean maximum fiber diameter would be larger than the 
mean fiber chord because of the different techniques of 
meastimenente Banker and Denny-Brown (1959) found that in 
normal mice muscles the fiber diameters ranged between 30 
and 40u, This range is much smaller than that in Emerson 
and Emerson's measurements or the range of 14 to 180u. in 
the present study. 

The dystrophic muscles had an in situ (electrical) 
mean fiber chord of 67.9 t 49.lu. (S.D.). This was nearly 
twice as large as the in situ (electrical) mean fiber chord 
of the normal muscles. The large standard deviation in the 


dystrophic muscles is again dependent on the measurement of 
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chords rather than maximum diameters as well as the variability 
of fibers in the living dystrophic muscle (see Graphs #9 and 
14). The tissue culture studies of Geiger and Garvin (1957) 

on muscle fibers of humans with muscular dystrophy also show 
that the living fibers may be very large (100-300u.). Measure- 
ments of the histologically determined mean fiber chord in 

the dystrophic mice showed little difference in size, standard 
deviation, or frequency distribution from similar measure- 
ments in normal muscles. (Mean dystrophic fiber chord is 

32.8 t 16.0u. S.D. See Graph #15). However, there was over 
50% shrinkage in the mean fiber size with fixation and 
histological processing of the dystrophic muscle (compare 
Graphs #14 and 15). Banker and Denny-Brown (1959) found a 
range of 3 to 84u,. in fiber diameters of dystrophic muscles 

on histological sections. The range of 14 to 130u. in the 
present study of dystrophic histological sections again 
reflects the measurement of chords rather than maximum 
diameters. 

From the current study it can be seen that the normal 
muscle fiber maintains its in situ size after histological 
fixation and sectioning. On the other hand the average 
dystrophic fiber in situ is very much larger than the normal 
fiber; however, with fixation it shrinks to the same size as 
the normal fiber. It is apparent from Graph #14 that not 
all fibers in the living dystrophic muscle are larger than 


normal. Roughly 50% of the dystrophic fibers are of about 
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normal size (14-60u.); whereas about 90% of the normal fibers 
are in this range. In the dystrophic muscle, therefore, 
somewhat less than half of the fibers are larger than normals 
and these range from 60 to 270u. in chord size, iatever is 
present in some of the dystrophic fibers that causes them to 
be larger than normal in the living state is labile; and 
during the process of histological preparation it disappears 
from the fiber allowing it to shrink. Young, Young, and 
Edelman (1959) found that the dystrophic mouse's hind limb 
muscles contain twice as much total lipid as their normal 
littermates, In the dystrophic mouse this is about 16.4 
grams per 100 grams of dry tissue; while in the normal mouse 
it is about 8.4 grams per 100 grams of dry tissue. This 
represents an increase in the dystrophic mouse muscle of only 
8% of the total dry tissue, and it would be even less in the 
hydrated ‘state. ‘Therefore, if all of the lipid was ‘intra- 
cellular, which it almost certainly is not, the loss of this 
lipid upon histological processing would not be enough to 
account for the 50% shrinkage in fiber size that was observed, 
The labile substance lost from the dystrophic fibers with 
fixation and staining has not been determined, but it could 
well be water, If many of the dystrophic muscle fibers are 
swollen with water, they must also contain osmotically active 
particles to keep the water within the cells, These particles 
could be protein or ions that are not free to penetrate the 


cell membrane such as sodium which has been found in increased 
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amounts within the dystrophic muscle fiber (Baker et al., 
1958 and Young et al., 1959). 

It has been observed that the mean resting potential 
is lower and the mean fiber size larger in the dystrophic 
mice compared to their normal littermates, This raised the 
question as to whether in the dystrophic mice the large 
fibers had also low resting potentials. Graphs #5 and 10 
show the resting potential plotted against the electrically 
determined fiber chord for each normal and dystrophic muscle 
fiber, It can be seen from Graph #10 that the dystrophic 
fibers with low resting potentials (under 80mv.) are generally 
smaller than the average dystrophic fiber (68u.). Therefore, 
the dystrophic fibers with less than average chord size 
(less than 68u.) were studied separately. Examination of 
these fibers revealed that there were two statistically dif- 
ferent groups (see Graph #16). One group with resting | 
potentials greater than 80mv. corresponded quite closely to 
the fibers found in normal mice. This group had a mean resting 
potential of 93.6 2 7.7mv. (S.D.). The other group of fibers 
Whose resting potential was less than 80mv. had a mean resting 


= 12.8mv. (S.D.). If the two groups of 


potential of 61.3 
fibers are combined, the mean resting potential of all 
dystrophic fibers less than 68u. in chord size was 81.7 = 
18.6mv. (S.D.). This differs only slightly from the mean of 
all dystrophic fibers which is 84,9 =f 15.9mv. (S.D.). From 


this it is apparent that the dystrophic muscle is composed of 
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three groups of fibers. Some fibers have a normal size (less 
than 68u.) and a normal resting potential (greater than 
SOmv.). Some are very much larger than normal but still 
maintain a normal resting potential. A third group of 
dystrophic fibers.is nearly equal to,the normal fibers in 

size but has a markedly reduced resting potential. It, there- 
fore, seems likely that as the disease progressively affects 
the muscle fiber, it first swells but maintains its normal 
resting potential; and only later as the fiber shrinks to a 
more normal size does its resting potential fall. 

From the electrical and histological data collected 
in this study, it was possible to make some estimates of in 
vivo and histological fiber and extra-fiber spaces. In the 
normal mouse there was a huge shrinkage of the extra-fiber 
space to 17% of its in situ (electrically determined) value 
with histological processing. This occurred while the mean 
fiber chord size changed only slightly. The shrinkage of 
the extra-fiber space resulted in an avparent increase in 
the histological mean % fiber space. However as the mean 
fiber chord size did not change, the increased fiber space 
is probably artifactual. The extra-fiber space from the 
electrical measurements is 78% for normal mice gastrocnemius 
muscles in situ. This does not agree with 28% obtained by 
Creese, Scholes, and Whalen (1958) for excised stretched rat 


diaphragm. Neither does it agree with the inulin space of 
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28% quoted by them. Tasker et al. (1959) found that the 
extracellular space of the excised toad sartorius muscle 
varied from 8 to 40% using inulin and sucrose determinations. 
They also found a decrease in extra-fiber space with an in- 
crease in the fiber size. The differences noted here may be 
due to species variability, changes from the in situ to the 
excised condition, .variations in muscle tension, ‘dfferences 
between muscles in the same animal, or inaccuracies in the 
various techniques used. Further investigation of these 
discrepancies seems warranted. 

In the dystrophic muscles even though the average 
fiber size was twice as large as normal, the fiber space and 
extra-fiber space was nearly the same as in the normal muscles. 
This was because fewer fibers of larger size were present 
per unit volume in the dystrophic muscles. The larger 
histologically determined fiber space in the normal muscles 
compared to that in the dystrophic muscles was due to the 
fiber chord shrinkage which reduced the fiber space in the 
fixed dystrophic muscles, It will be seen from Table VII 
that the extra-fiber space was reduced slightly less in the 
dystrophic muscles than in the normal ones after histological 
processing. This is probably due to the increased connective 
tissue frenene in these muscles, 

Foam the data presented here, it becomes apparent that 
the true geographical distribution of muscle fibers is not 


what is seen on histological sections where all of the fibers 
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of a fasciculus are packed tightly together. Rather the 
fibers appear to be spread apart and separated by fairly 

large "spaces" in the living state. With histological 
preparation these "spaces" collapse while the normal fibers 
maintain their in situ size, In terms of the electrical 
properties of muscle fibers this seems logical because the 
large extra-fiber spaces would tend to isolate one fiber 

from another. If on the other hand what is seen histologically 
were true in situ, there would be a spread of electrical 
currents from fiber to fiber; and the whole fasciculus would 
respond as a unit. Histological studies of muscles without 
fixation and dehydration were attempted using frozen section 
and freeze-dry techniques, However, these were unsuccess- 
ful. Further investigation of muscle fiber relationships in 
the living animal should be undertaken in order to better 
-understand both the physical arrangement and electrical inter- 


action of muscle fibers. 
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CONCLUSIONS 


Using motor driven microelectrodes, the resting potentials 
of the gastrocnemius muscle fibers in living normal and 
dystrophic mice were measured. The muscle fiber sizes 

and geographical distribution were determined in vivo 

and compared to similar histological date for both 


groups of mice. 


The in situ mean resting potential of 92.5mv. in normal 
mice is significantly larger than the mean resting 

potential of 84.9mv. observed in living dystrophic mice, 
These values approximate those predicted from the Nernst 


Equation. 


Evidence is presented that a layer of negatively charged 
particles may be present on the inside of the normal 


cell membrane, 


The mean fiber chord of 67.9u. found in living dystrophic 
mice is significantly larger than the mean fiber chord 
of 34,8u. observed in living normal mice. The mean fiber 
chord determined from histological sections is not dif- 


ferent (32.7u. and 32.8u.) for the two groups of mice. 


In the dystrophic mice low resting potentials were 


associated with fibers of relatively normal size. 
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In the dystrophic mice it is probable that as the disease 
progresses, first the affected fibers swell but maintain 

a normal resting potential; and later they are reduced in 
size and gradually lose their resting potential. A propor- 
tion of fibers in any dystrophic muscle is of normal 


size and has a normal resting potential, 


The large size of some of the in situ dystrophic muscle 
fibers may be due to the accumulation of water and non- 
aiffusible particles within the cell membrane which are 


lost upon histological processing. 


In the normal mouse muscle there is a loss of about 80% 

of the extra-fiber space with histological preparation 
while the average fiber size changes only slightly. In 
the dystrophic mouse muscle the average fiber size shrinks 
more than 50% while the extra-fiber space is reduced 


nearly 80% with histological processing. 


The histological section of a muscle probably does not 
give.a true picture of the fiber relations. In the 

living muscle relatively large spacés seem to separate 
the fibers. These spaces appear to vary with species, 


muscle, tension, and method of measurement. 
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Table III. Histologically Determined Fiber and Extra- 
fiber Spaces of Normal Mice Muscles. 
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Table IV. 


Muscle 
Number 


# 31 
528 
33 
35 
35B 
36 


Mean 
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Dystrophic Mice Muscles. 


Average hesting 
Potential & S.D. 


83 .6 
71.0 
89.6 
89.8 
80.1 
93 4 


84.9 
N 


11.2mv. 
Lone 
17.6 
6.3 
16 
13.0 


15.9mv. 
166 


Resting Potentials and Fiber Chords of 


Average Electrical Average Histologic 
Fiber Chord 


Piper Chore & 5.0. 


64.6 
62.4 
59.6 
6748 
fle 
78.0 


67.9 
N 


39.4u. 
K6 3 
42 3 
48.0 
2Ogn 
63.1 


4O.1u. 
166 


36.7 
Bees: 
37.1 
38.7 
29.1 
23.47 


32.8 
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i+ 


te t+ t+ 


i+ 


1536U. 
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aS Bi. 
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spaces of Dystrophic Mice Muscles, 


Table XY, 
Muscle Total 
Number Distance 
#231 9520u. 

32B 8015 

33 8085 

=) 9905 

35B 6825 

36 6300 
Mean 8108u. 


Fiber 
opace 


2002u. 
1123 
1073 
2846 
2359 
1871 


1879u. 


Extra-fiber 
opace 


7518u,. 
6892 
OLE 
7059 
HH66 
WW29 


6288u. 


% Fiber 
space 


21% 
14% 
13% 


29% 


Electrically Determined Fiber and Extra-fiber 


G Seta = 
fiber Space 


79% 
86% 
87% 
71% 
65% 


70% 


Table VI. Histologically Determined Fiber and Extra-fiber 
spaces of Dystrophic Mice Muscles, 


Muscle 
Number 


# 31 
323 
33 
35 
358 
36 


Mean 


Total 
Distance 


8015u. 
6987 
7540 
13473 
ai 527 


10025 


9591u. 


Fiber 
Space 


3342u. 
2463 
3192 
5N95 
5276 
4504 


4035u. 


Extra-fiber 
Space 


H673u. 
452k 
4348 
7978 
6251 
5498 


5556u. 


% Fiber 
space 


% Extra- 
fiber Space 


58% 
65% 
58% 
59% 
54S 
55% 


57.9% = 3.4% 
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Table VII. Comparison of Normal and Dystrophic Mice Muscles. 
Normal Dystrophic 
Muscles Muscles 
1. Mean Resting Potential 92.5 £10.8mv. 84.9 £ 15.9mv. 


z. Hlectrically Determined 


Mean Fiber Chord ah .8 2:19.24. 67.9 2 49.14. 
3. Histologically Determined i i 

Mean Fiber Chord 34a) 155 OU,. 32.0 = 16,0u, 
4. Electrically Determined x rr 

% Fiber Space 227 he 85g 2h% 2 9,34 
5. Electrically Determined 

% Extra-fiber Space 73% ww 15.5% 76% + 7.3% 
6. Histologically Determined & A 

% Fiber Space 6257 =. 7.6% 42% =. 3.4% 
7. Histologically Determined + 

% Extra-fiber Space 38% = 7.6% §8% + 3.42 
8. Ratio of Electrical to 

Histological Extra-fiber 

Space Bo0 fel Ho6/1 
9, % Fiber Shrinkage . 6% 53% 
10. % Extra-fiber Space 

Shrinkage 83% 78% 
11. Number of Fibers 

Studied Electrically 297 166 


12, Number of Fibers 
Studied Histologically 837 fe 
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